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Abstract. Detectable crustal motion and secular rate of change of solid-surface gravity may

be produced by the Earth’s response to present day andior  past ice mass changes in

Antarctica. Scenarios of present day ice mass balance, previously utilized to explore the glo-

bal geodetic signatures of the Antarctic ice sheet, produce rates of elastic crustal response that

are typically bounded by uplift h 5 5 nmdyr, horizontal 1 s 1 mmlyr, and change of surface

gravity j < 1 pgal/yr.  In a restricted locality one scenario produces uplift rates slightly in

excess of 10 nm~/yr  and correspondingly enhanced 1 and ~. In contrast, the viscoelastic

response to ice mass changes occurring since Last Glacial Maximum (LGM) exceeds 5 mm/yr

(uplift) over substantial portions of West Antarctica for a wide range of plausible choices of

timing and magnitude of deglaciation  and mantle viscosity. Similarly, viscoelastic  j prcdic-

tic)ns exceed 1 pgal/yr (decrease) over large regions, confirming suggestions that a GPS- and

absolute grai’ity-based  program of cruslal monitoring in Antarctica could potentially detect

postglacial rebound. Scaling factors between ~ and ~ are discussed for both the elastic and

t’iscoclastic  responses. A published revision to the CLIMAP model of the Antarctic ice sheet

at 1.Gh4, herein called the D91 model, features a substantially altered West Antarctic ice sheet

reconstruction. This revision predicts a spatial pattern of present day crustal motion and sur-

face gravity change that diverges strikingly from CLIMAP-based  models. Peak D91 crustal

rates, assuming deglaciation  begins at 12 kyr and ends at 5 kyr, are around 16 mnl/yr  (~), 1.5

mnl/yr (/), and -2.5 pgallyr (~). Tabulated crustal response predictions for selected Antarctic

bedrock sites indicate critical localities in the interior of West Antarctica where expected

responses are large and D91 predictions differ from CLIMAP-based models by a factor of two

or more. Observations of the postglacial rebound signal in Antarctica might help constrain

Antarctic mass balance and contribution to sea level rise over the past 20,000 years.
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Introduction
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Thirty-five years ago a comprehensive assessment of Antarctica’s evolution during global

Pleistocene glacial cycles was given by Ho//in  [1962] in which the total Antarctic ice mass

involved in the last full glacial phase was estimated to be equivalent to 5 to 21 meters of eus-

tatic sea level change. Today there are abundant new data from deep ice cores that re\eal

much about the atmospheric conditions that prevailed over Antarctica ice sheet during the last

2 glacial cycles [Jouzel  et fI1., 1996] and that are precise enough to define distinct millennium

scale reversals during the most recent deglaciation  [Mqwski  et al., 1993; 1996]. These

records, when combined with glacial moraine data and sedimentary cores, provide important

input to our current understanding and various constraints on end member scenarios of glacial

evolution from the Last Glacial Maximum (l GM) to the present day [Denlon  et al., 1989b,

199 1]. While a wealth of chronological information has emerged, the present uncertainty in

the size of Antarctic contribution to the global eustatic  sea level rise is, none-the-less, as large

as that stated by Ilofli)l [1962].

In this paper we examine both the gravity and crustal motion that derives from past and

present-day ice mass changes in Antarctica. In a previous study [James ami l~Ji/z.r,  1995] we

examined realistic present day scenarios of Antarctic mass balance [e.g., Bet/[le~’  a/zd

Gioli}lctto, 1991 ], and concluded that they give an elastic crustal response that could be

observed with modern geodetic techniques, as originally proposed by Hager  [1991]. How-

c~cr, we also incorporated a viscoelastic  calculation of the Antarctic isostatic  memory of the

last glacial cycle as portrayed in the ICI;-3G model of 7u.shi)~gham  and I’eltier [ 1991] and

demonstrated that the associated vertical motions can be a factor of 5 larger. Thus, crustal

motion observations might offer a test of Antarctic isostatic  memory of a former, more exten-

sive, ice sheet that collapsed during late Pleistocene or IIoloccne  times.

The main purpose of this paper is to provide predictions of vertical and horizontal

motion and surface gravity for alternative, and realistic, Antarctic deglaciation  histories to

facilitate design of an observational field strategy. To this end, a rather complete documenta-

tion of the theoretical computation of these surface observablcs  for complete spherical Earth

models assuming either elastic or viscoelastic  theologies is first provided. The isostatic

memory effects associated with viscoelastic  response to past ice mass changes are also com-

pared to the predicted elastic response to present day mass imbalance of the entire ice sheet.

A key result is the discovery that a revision [Detllcw  et al., 1991] to the Climate: Long-range

Investigations, Mapping and Prediction (CLIMAP) reconstruction of the Antarctic ice sheet at

LGM [De/lto~~ and liughes, 1981 ] gives a pattern of crustal response that ciiffers substantially

from the CI.IMAP models. A suitab]e program of crustal motion and absolute gravity
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obset-vations has the potential to discriminate between competing reconstructions of Antarctic

ice sheet evolution.

Elastic and Viscoelastic Crustal Response

The elastic uplift rates predicted by three realistic, but contrasting, scenarios of present

day Antarctic ice mass balance arc given by Janws atfd IviIL~ [1995]. For one scenario the

predicted uplift rates reach =1 O mm/yr in a restricted locality, but the scenarios typically give

uplift rates of 5 mm/yr or liss. This contrasts with the uplift predicted by the lCE-3G model

[ Tmhittgbam  am’ Peltier, 1991 ] in which peak vertical rates exceed 20 mm/yr and a vast por-

tion of West Antarctica is predicted to rise at rates greater than 10 mm/yr. These large rates

are consistent with earlier ice sheet evolution models [e. g., Thomas, 1976]. The ICE-3CI  chro-

nology gives substantial rebound rates in the Transantarctic  and Ellsworth  Mountains, whose

locations are given in Figure 1.

This paper expands on the results of James and lvim [1995] in two ways. First, in addi-

tion to the vertical ct-ustal  response, predictions of the horizontal crustal motion and secular

solid-surface gravity are given since these offer complementary information for constraining

both present day and past ice balance scenarios [ Wa}Ir  c1 al., 1995]. The four scenarios of

present day ice mass balance considered here are fully described by James and l~i)~.s [1997],

v’ho used thcm to predict the possible Antarctic contribution to the secular variation of the
lol)~-~~a~clet~gtll  compcmcnts  of the Earth’s gravitational field (~, ) and secular polar motion.

Secondly, a comprehensive study of the parameters controlling the glacial rebound signal is

now entertained. The main outcome of this study is that the prediction of a substantial

\riscoclastic crustal response holds over a wide variation in mantle viscosity and timing of

dcg]aciation.

Present day post~lacial  uplift rates can reach a magnitude of around 10 mm/yr in F’en-

noscandia  and are slightly larger in North America [e.g., F’fi)lr,  1971; Walmft,  1972]. Postgla-

cial horizontal crustal motion is predicted to be about a factor of 10 less based on modelling

calculations [Jams and Morgan, 1990; James and Lambert,  1993, A4itrovica et al., 1993;

Mitro\ica  ct al., 1994a,b;  Pclticr,  1995; Mitrovica  and Davis, 1995]. Of significance is the

demonstration [BIFROST Project  A4evlbcrs, 1996] that GPS-observed vertical crustal rates

from Scandinavia are in essential agreement with a realistic deglaciation  model. These rates

also agree with relative vertical rates obtained from long-term tide gauge records.

The secular rate of change of solid-surface gravity ~ corresponding to a postglacial

uplift rate of 10 mnl/yr is about -1.5 ~~Ja]/yr. Lambert et al. [1996] report that a 9 year

record of absolute gravity observations at Churchill, Canada, yields a linear trend of -1.45 f

0.19 pGal/yr, which is broadly consistent with the rate predicted from the ICE-3G postglacial
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model of Tushingham and Peltiw  [1991]. The correlation of rebound models and

observations strongly suggests that high-precision geodetic observations are capable

of detecting and characterizing postglacial crustal

program of observations is undertaken.

This paper is divided into three sections.

deformation, provided a suitable long-term

The first section gives the methodology

required for computing crustal deformation rates, including changes to surface gravity. A

relatively general treatment provides the surface response of a viscoelastic  (Maxwell) Earth

model to changing surface loads, from which the purely elastic response can be readily

extracted. AS well as describing the numerical techniques used here and by JatHe.Y  attd lviti.f

[1995], this also documents the methods utilized previously for postglacial rebound predic-

tions of crustal motion [James and A40rgarz, 1990; James and I.amberf, 1993], secular varia-

tion in crustal strain and stress [Jame.f,  1991; James atzd Bent,. 1994], and both the static and

time-varying gravitational fields [Jav/e.s, 1992; I.ambert et al., 1996]. The second part of this

paper describes the purely elastic crustal motion and secular change in solid-surface gravity

derived from four scenarios of present day Antarctic ice mass change. In the third section the

ongoing viscoelastic  response to late Pleistocene and Ilolocene mass reductions of the Antarc-

tic ice sheet is reported. Here we investigate the tradeoff among parameters that connect

present day uplift and gravity changes to past ice sheet volume.

Theory and Methods

The expressions used to compute the elastic and viscoelastic  (Maxwell) crustal response

of the Eallh  to surface loads, including vertical and horizontal crustal motion ~ and ~, and

secular change in solid-surface gravity ~, are developed here. Some emphasis is placed on

the horizontal rebound response, whose relatively small signatures may now be detectable due

to advances in space geodetic measurement techniques. The latter makes possible the detec-

tion of signals at the millimeter per year level.

The surface loads are assumed to be specified as spherical caps, or disks, with designated

radii and locations, and time varying heights. The total response to the load is determined by

finding the response on a disk by disk basis and then summing over all disks. Our approach

is similar to that described, for example, by Pelticr [1974] and Wu atzd Peltier [1982] for

finding the vertical and gravitational responses, but differs slightly from that described by

Mitrm’ica ef a/. [1994a] and Pel/iev  [1995]. The expressions developed here are quite gen-

eral, and can be used to determine the surface response to time and space varying surface

loads.
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We briefly review the construction of elastic and viscoelastic  (Maxwell) responses for an

impulsive (&function) unit load. The viscoelastic  response to a relatively arbitrary, time vary-

ing load is then described and the simplifications necessary to obtain the purely elastic

response are given in the appendix. This section concludes with a discussion of a surface

load composed of disks that has an equivalent spherical harmonic representation. thus provid-

ing an important link to the global geodetic responses discussed by James am’ 1~’im [ 1997]

and to the spherical harmonic methodologies of lvim CI al. [1993], Mitrmica  ef al. [ 1994a,b],

and Pelticr [1 995].

Surface Loading Response of Maxwell Earth Models

The elastic response to the surface loading of a spherically symmetric Earth model is

obtained by numerical integration of a radial  system of 6 coupled first order ordinary

differential equations. This system results from a spheroidal scalar decomposition of the

equations of motion (mass and momentum conservation) and Poisson’s equation for gravita-

tional potential [e.g., Lcmgman, 1963; Farrell, 1972]. Discussions of the relevant interior

boundary conditions have been given by l.sraeI c1 aI. [ 1973] and Dahletz [1974]. A regularity

condition at the origin and surface boundary conditions for the shear and normal tractions and

the acceleration due to gravity are required to complete the solution.

For finding the Maxwell response for realistic, depth-varying elastic parameters and den-
sity, wc utilize the techniques and methods discussed by H’ZI at?d Pelfie). [ 1982] and Pe/tier

[1985]. A Laplace  transform of the equations of mass and momentum conservation and

Poisson’s equation for the gravitational potential is assumed. The response to an arbitrary

Iaplace  transformed load, usually an impulsive point load ~(u)~(f ), is determined, and then

inverse Laplace  transformed to obtain the time domain response [Pelfier,  1974]. Peltier’s

[1985] normal mode method is used to obtain the time domain response: the decay times are

determined by finding the zeroes of a secular determinant and the slope of the determinant at

its zero value determines the amplitude associated with that decay titne.

Glacial rebound models such as Tu.shi/lg)zam  and Peltier’s [1991] ICE-3G model are

described with surface loads tabulated as a number of disks. In general, the disks can have

different, but unchanging, radii and the disk heights vary with time in a piecewise  constant

manner. The following discussion shows how the Maxwell viscoelastic  response to these

loads can be obtained. We assume that the time-domain unit impulse response is known.

Vector-sca]ar  representation. The response of a Maxwell Earth model to an axially

symmetric surface load is obtained through solution of the equations of mass and momentum

conservation and Poisson’s equation for gravitational potential, as described above. It can be
~,ritten  in the form:
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S(r,u,t) =Sri + Suti

(1)

[Pelf iet-, 1974], where sis the displacement duetothe  imposed load, $ isthe perturbation to

the gravitational potential, r is the distance from the center of the Earth, u is the angular dis-

tance (colatitude)  from the center of the load (see Figure 2), f and 0 are unit vectors in the

direction of radius and colatitude,  respectively, and the Pn (cow) are Legendre  polynomials.

In the case where the appliecl  load lacks axial symmetry (1) could be written in a more gen-

eral form utilizing normalized spherical harmonics ~~~(0, ?.) = ~tln,  (O,k)ci (w ?.), with c, = cos

and c ~ = sin [e.g. lvit~.v ct al., 1993; Mitrwicw ct al., 1994a].

1,egendre  polynomials is employed here.

[Jnit loading and surface response. A point load a(u)

polynomial series

T.
a(u) == ~ y,, P,l (cow)

II = o

2}1 -t 1
Yn =

4X(I 2

Relation (1) with unnormalized

can be expanded in a L.egendre

(2)

[1’arrell,  1972], where y,, is the degree-n coefficient of the load expansion. At the surface of

the Earth (r = a ) the degree-n time dependent vertical displacement response to an impulsive

point load i5(t )6(u)  can be written in the form [Pel[icr, 1985]

[1)1 (t) = U~16(t  ) + H(t) ~ U,l,ic-ll’’lJ, (3)
j=l

where LJjl is the instantaneous, or elastic, response, i5(t ) is the Dirac delta function and the

U,, i are the amplitudes of J viscoelastic  modes, each with decay time T,, ,j. Here H(t) is the

I leaviside  function. The amplitude of the elastic response and the amplitudes and decay times

of the viscoe]astic  modes are, in general, different for each degree. As noted previously the

amplitudes U,l J and decay times ~,l,i are found by searching for the zeroes of a secular deter-

minant. Similar expressions for the horizontal displacement and gravitational potential are

V,, (t) = J$%(t ) +

0,, (/) = cl):%(f) +

J t IT. ,[
H(t)~J’,,,je - ,

j=]

(4)
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The perturbation to the gravitational potential CI)n has a contribution

@z ~, as well as a contribution d)l ,,, from the redistribution of mass

latter contribution has an instantaneous elastic portion as well as an

viscoelastic  portion.

from the imposed load

within the Earth. The

exponentially decaying

1.OVC number representation. It is standard to express the response in terms of dimen-

sionless Love numbers. The surface loading Love numbers h. (r ,t ), in (r ,t ), and k,, (1 ,t ),

corresponding to the vertical and horizontal displacement and the gravitational potential, at

r = o, are defined [ W14 and Peltier,  1982]

(5)

u’here go is the unperturbed gravitational acceleration at r = a and me is the mass of the

Earth. The scaling term a go /mC used to define the load Love numbers is the magnitude of

the gravitational potential of the applied load d)2,~ (a ,t ) = – (ago /mC )8( I ). With (5), (3) and

(4) become

(6)

where the quantities superscripted ‘cl’ are elastic Love numbers [e.g. Fawelf, 1972; I>a/zlen,

1976] and the quantities subscripted ‘H ,j’ are viscoelastic  Love numbers. The apparent

discrepancy in physical units in (5) and (6) is merely an artifact of (5) representing a unit

mass load. It is to be assumed that there is, therefore, a unit of mass in the numerators of (5),

(6), and subsequent expressions involving Love numbers.

IIeaviside  load. For brevity, in the following we focus on the vertical displacement sr,

with the understanding that the horizontal displacement s LJ and gravitational potential ~ fol-

*’ to a point load imposed at t = O and maintainedlow parallel developments. The response U,l

thereafter (}leaviside  load) can be obtained by convolving (3) with a Heaviside  function:
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If a load is applied for time T, and then removed, the response U~lr  is

u:(r) = ‘j Untiqj[l – e-7’T”J]e-’’T””,
j=l

(8)

where t is now measured from the instant of load removal. Note that the elastic response is

absent for times when the surface load is absent. From (7) and (8), with U:’(I) and [J~lr(t  )

having units of length, it is evident that U,l,j has physical dimensions of Iengthhime.  This is

consistent with the Green’s function Ufl (t ) introduced in (3), which has physical units of

length/tinle.  Additionally, 6(( ) has units of 1 /tinm, and H(t ) is dimensionless.

If U!i’(t ) is the degree-n response to a Ileaviside point mass that has been removed,

then the total response sr (u,t ) to the point mass can be obtained

degree

where the dependence cm angular distance u from the load is now

by summing over I.egendre

explicitly shown.

(9)

Disk-shaped load, If the response .~r,di,r~  to an arbitrary load with axial symmetry is

required (e.g., a disk load), it can be obtained by scaling the amplitudes  U,l ,i in (9) by ‘.,/ /y,j,
\vhcre /.,, is the degree-~~ coefficient of the Lcgendre  polynomial expansion of the specified

axial load, and y,] is the Legendre  coefficient of the point mass load

.Y,. .~iy~ = ~+! $ U,l iT,, i [ 1 -c- 7“T”’]#’w,,  (coS”).
,,=~ Y,, j=l “ “

(10)

3’he I.egendre  coefficient L,l

unit mass is [J”urrcll,  1972]

of a spherical cap of uniform height with angular radius a and

1 + cosa) d]’,, (cosa) 1

--[

~_211+l_(,
‘tl —

4X( I 2 n (H + 1 )sina al) 1

2il + 1

[ 1

(1 ++osa) p,, ,(cosa) >——
47K02 n (n + 1 )sina

(11)

where P,l I(cosa)  is the associated Legendre  function of degree n and order 1. The Legendre

coeff~cient of a disk of height D, density pi<.<  (or p,,,a,cr  for an ocean disk), and angular radius

u can be obtained by scaling, (11) by the the mass of the disk PiCc 1’, where the volume V of

the disk is given by 27ra 2D [ 1 – cosa].  The Legendre  coefficient y,, of the point mass load is

given by (2).

If the load is assumed to vary with time in a piecewise  constant manner (that is, the load

is constant during the k -th titne interval, but may vary from one time interval to the next),
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then the response is

‘ r  ,disk =  5 ‘5’*- ~ ‘n,jTn,j[l -  ‘- ‘i ““’’I-A” ‘Tn’fpn(cosu),

and

‘tl,,j,L = ‘,1 ,j [ ~ – 
C -Ti ““’’]e-A” ‘r’”,

where hf~irtlg is the number of titne intervals for which the load is

degree-n coefficient of the load during the k -th time interval, AtL is the

end of the k-th interval, and Tk is the length of the k -th time interval.

(12)

specified, L,,,~ is the

time elapsed since the

Multiple disk response. In the case where there is more than one disk the response

‘Y? ,di.$k.s  ‘ s

(13)

\\]lerc idj$~ is the number of different disks. The quantity Ui is the angular distance from the

i -Ill disk to the point at which the response is being calculated, and depends on the location

of’ the observation point (0, k) and the location of the center of the i -th disk (Oi, Ai ) (Figure

2). I;qllation  ( 13) can bc rearranged to yield a more efficient computation

1’/,  ,L w.

[ 1

‘!”,’ L,l ,/ ,~ J
‘V) ,iiivL.c = X X ‘)1 (Cos’)i )~~, ‘~~ ,~, ‘]), ,jzll ,j,k ~ (14)

izl,jzo

l{quation ( 14) is the expression used in this study to compute the vertical response to surface

loads. It is valid for arbitrary surface loads comprised of one or more spatially distributed

axially symmetric loads whose amplitudes vary with time in a piecewise  constant manner.

Modification for present day load. Equation (14) requires modification if the response

is required for a time when the load is present. This case arises if there is a nonzero  present

day load, such as the Greenland and Antarctic portions of Tushitzgham and Peltier’s [1991]

ICI1-3G  model, or if it is necessary to find the response at some time in the past when the

load is present. For a response computed during the k th time interval, with the k th load

increment present, then for that time interval the quantity in square brackets in (14) should be

changed to
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where Ark is now the time elapsed since the k th load increment was imposed, instead of the

time elapsed since the k -th load increment was removed. This substitution can be understood

by comparing (7) to (8).

Horizontal displacement response. By analogy with (12), and recalling (l), the hor-

izontal displacement caused by a single disk with time varying height is

Equation (16) employs a coordinate system of colatitude

(16)

u measured from the center of the

applied load. The horizontal displacement s,, can be decomposed into North (.$,A,  ) and East

(L~I ) components

~,here  ~ is the azil~~uth  of the load center, as seen from t}~e observation point ((), k), and is

measured positive clockwise from the north pole (Figure 2). A compact form of ( 17) is

.Tjy,[:  = – .$ ~,(, ,z(~). The angular  distance u and azimuth P can be obtained from standard

spherical trigonometric formulae.

~~it}l ( 1 ~) and ( ] 7), the hori~otltal response,  to a number of disks can bc written

(18)

w’here the azimuth ~ is indexed by disk number i.

Gravitational potential. For completeness, the gravitational potential ~) for the load plus

Earth response is provided

(19)

where, again, the criterion for changing the contents of the large square brackets to a form

similar to (15) is based on the presence of the k th load increment at the time the effect is

being computed,

Solid surface gravity anomaly. The essential ingredients of this simple recipe for the

surface responses to the loading and unloading of surface disks also apply to the computation

of the solid surface gravity anomaly g. For an impulsive point load 8(t )8(u) the degree-n

solid surface gravity response can be written in a fortn sitnilar  to (3) and (4)

G,l = G:%(z) + H(I) j G,l ,j e-’ ““’
jnl

(20)
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with

G:l=_fi
[ 1

‘go ~[
– 1/2 – (n + I)k;l+  2h;’ =– —g. ,

me tile

Gn,i =- 3 [ 1

go
-- (IZ + 1 )kn ,.i + Zh,, xi = - ~~rl ,.i ~

me e

(21a)

(21 b)

Consider a gravimeter  cm the solid surface of the deformed Earth. 1! will measure a change in

the acceleration due to gravity, relative to the undeformed state, which has a contribution from

3 sources, corresponding respectively to the three terms of (2 1 a): the direct attraction of the

surface load, the redistribution of mass within the Earth, and a “free-air” effect due to the dis-

placement of the solid surface through the background, or reference, gravitational field [e.g.,

AgMWI, 1983]. The viscoelastic  response G,l ,.i in (21b) is similar to the elastic response

except there is no term due to the direct attraction of the load. Recall that Love numbers are

clefincd relative to a unit applied mass, giving a unit of mass in the numerators of the expres-

sions shown here.

The solid surface gravity viscoelastic  response ~Ji,$i,$  10 a general  time va~yi%  load COnl-

posed of a number of disks can be obtained by substituting G,l ,ifor Q),l ,/ in (1 9).

(22)

Equations (14), (18), and (22) are the expressions  used ill this Study to compute the surface

loading response of Maxwell viscoelastic  Earth models. The purely elastic response to an

imposed surface load, given in the appendix, can be derived by appropriate simplification of

these expressions.

Spherical Harmonic Coefficients of Disk l,oad

]n a companion paper [James flmi lvim, 1997] the global  geodetic responses to a variety

of past and present Antarctic ice mass balance scenarios are given. These responses (secular
\,ariation ill the ]Ong wavelength gravitational  field J1 and secular polar motion ~1) are most

conveniently obtained if the surface load is expressed in spherical harmonic coefficients.

These coefficients are also needed if the crustal response is to be computed using the methods

of Mitnn’ica  et aI. [1994a] and Pelfiw  [1995].

Normalized spherical harmonics. A scalar quantity defined on the surface of the Earth,

such as a surface load expressed as an equivalent surface mass density G(O,k), can be

expanded in normalized associated Legendre  functions ~n,ll  (COSO)  or surface spherical harnlon-
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1
cT(e,L) = j ~ [ Gnnl , c ,(nl 2.) + tfnn, * c’2(n2 A) Fnn, (coSe)

n =0 m =0

where c 1 - cos and C2 = sin. Normalized quantities are barred. Normalized and unnormal-

ized Legendre functions used in the crustal response section are related by

[ 1(2/1 + 1)(11 - m)!(2 - I!j)w,) * ’2

F,ln, (coSo) =
02 + 1)1)!

Pnn, (coSo)

= N,,n, P,,n, (Coso)

with an orthcmormalizationwith the normalization factor Nnn, consistent

Jr:j(e,,.)F;’j’(o,A)ds  = 4n6n,1&,,,,6j,
.7

(24)

(25)

v’here J denotes integration over the unit sphere.
s’

The surface

6,1,1, j ==

load coefficients G,l,),j are determined through relation (25)

-2-Jo(o,).)ry(o,k)ds. (26)
4n s

Disk function. in the case where the load is expressed as a number of spherical caps or

disks with specified radii and locations, the load coefficients can be directly obtained by appli-

cation of the sphericaI harmonic addition theorem. The addition theorem allows an expansion

of an axisymmetric  function to be expressed in a rotated frame. The load coefficients i5,j)1,j

are obtained by finding the load coefficients in a disk load coordinate system with colatitude

u, then transforming those coefficients to a standard co-latitude and longitude frame (9, k).

The total effect of a number of spherical caps can then be expressed in terms of normalized

spherical harmonics.

Consider a disk

o~i,,~  (e, ).)

o~i,~ (0, ?.)

~,ith radius ai and its center ]ocated  at (Oi, Ii) (Figure 2). In the disk load coordinate SyS-

tem, in which colatitude  u is measured from the center of the disk, the disk function is

expanded as

function Odj,$L (O, k) defined

=1 inside the cap

=0 outside the cap , (27)
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~d;.,,t(~) =

.Tn () =

if. a ()(cos~)> (28a)
n ZO

sinai [8H (n + 1)]-]’ 2 ~,1 ,(cosai) n * o, (28b)

where ~n o is the normalized disk function coefhcient  in the disk load coordinate system and

.1OO = 1 / 2 (1 – cosai). Expansion (28) is verified by use of (27) in an integral equivalent to

(26), and integrating on the interval {cosai,  1 ) [e.g., hfa.gt~us  e/ al, 1966, p. 191]. The

coefficient for a unit mass disk load L,, (11) can be seen to be equivalent to the Legendre

coefllcient  for a disk function .~n (, by scaling (11) by its area 2rca 2( 1 – cosaj  ) and transform-

ing unnormalized  quantities to their normalized equivalents. Equation (28a) is transformed to

coordinates (0, A) by use of the addition theorem,

n .—

~,, OR o(cos~’) = ,):.%), (cOsO)p,/r)j  (cos~j )COsT/l (2V - Aj ) . (29)

Substituting for ~,, O(cosl.) from (29) in (28a), and expanding the cosm (L – ki ) term, we have

in which

(30b)

The corresponding surface mass density coefficient G,jPlj can be obtained by scaling li~~lj

bY pj,f> l) (or P,, for an ocean disk), where D is the height of the disk. The surface mass

density coefficient D,,,),i due to a surface load expressed as a number of disks or caps is there-

fore given by a sum over i

I’,,J
6 lltll.j = fire X ‘Tllt)fj  ,i ‘)i (31)

jsl

where the ~l,l,)lj and D are now indexed by disk number i. Equation (31 ) can be used to gen-

erate ice load functions. This permits the cap-grid structure of the type employed by Wu aud

Peltie~ [1983], Tu.shinghatn  am-i Peftier [1991], and James atld lvim [1997], to be formally

written in terms more familiar to theoretical geodesy [e.g., A4unk  and MacDonald, 1960; Lam

bmk and Cazemtw,  1976; Lawbcck, 1980; Sabadini  et al., 1988].

Much of the theory presented above relies on the viscoelastic  methodology developed by

Peltier [1974, 1985]. While that work has been excellently presented in review form [e.g.,

Pelfier,  1982], it is important, if not crucial, to lay down the theoretical and computational

framework in detail since many rebound related geodetic studies, including plate stability
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analyses, now rely on predictions retrieved from the models [e.g., Pe/tier, 1995; /trgus.  1996;

Argus a}ld Gordon, 1996; BIFROST  Project A4cnlbers, 1996; Di.xotl  et QI.. 1996]. In this
regard the complete development presented here, which gives a formalism for cmstal  defor-

mation, gravitational potential, and solid surface gravity predictions, forms a useful conlpen-

dium. There is, indeed, a growing appreciation for precise and internally consistent computa-

tion of isostasy  within the glaciological  community [Le Mcwr a~ld Hu~luw/its, 1996] and reli-

able theoretical foundations reduce the chances for the discrepancies in interpretation that are

known to arise in the literature [e.g., Catllles and fijeld.~kaar,  1997; Mitro}ico,  1997].  we

now turn to an application of the methodology to past and present ice mass balance in

Antarctica.

Results 1: Elastic Response to Present Day Ice Mass Changes

Figure 3 shows four realistic, but differing, scenarios of present day Antarctic ice sheet

balance that were described in detail by James aud A’itls [ 1997]. Three of the scenarios

(numbers 1, 2 by mass, and 2 by area) are derived from the estimates of BetIt/K~’  am’

Gio\inetto [1991], who evaluated the mass balance of Antarctic drainage basins, where avail-

able. and extrapolated to unmeasured regions using differing, but plausible, assumptions.

Scenario 1 represents a minimal interpretation of the available observations in that only

drainage basins with significant measured imbalances were considered. Scenarios 2 by mass

and 2 by area feature extrapolation of mass imbalance from measured to unmeasured areas

based on surface mass accumulation and area, respectively [JaNes aml 1~’im.  1997]. The con-

tribution to sea level rise, ~, from these scenarios ranges from -0.1 mm/yr (scenario 1 ) to -0.8

mm/yr (scenario 2 by area) and -1.1 mm/yr (scenario 2 by mass).

The .192 scenario provides 0.45 mm/yr of sea level rise. It was developed frotn scenario

2 by area by removing ice mass inland of the major shelves in a manner consistent with the

ice shelf melting estimates of Jacobs et a/. [1992]. The 0.45 mm/yr sea level contribution

from the J92 scenario is sufficient to account for the shortfall between the 1990 intergovern-

mental Panel on Climate Change (IPCC) estimate of sea level rise of 1.5 mntiyr and the sutn

of their estimates of the various sources and sinks for 20th century sea level rise (thermal

expansion x 0.4 mm/yr; mountain glaciers x 0.4 mm/yr; Greenland ~ 0.25 mm/yr;  Antarctica

= 0.0 mnl/yr)  [ Warrick ami Ckrlemam,  1990].

The crustal response is tabulated for 12 Antarctic bedrock sites shown in Figure  1. Their

locations are given in Table 1. Four sites, Casey, Davis, McMurdo, and O’Higgins,  are inter-

national GPS Service tracking sites, Three other sites, Syowa, Mt. Melbourne, and 13asen,

have had high-precision geodetic occupations including some combination of GPS and
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absolute gravity. The remaining sites, Prince Olav Mountains, Executive Committee Range,

Independence Hills, Mt. Ulmer, and Dufek Massif, are located in the interior of West

Antarctica, and were chosen to provide a relatively wide geographical selection of sites over

the region where substantial ice mass reductions have been proposed.

Crustal Motion

love numbers and Green’s functions. To set the stage for discussing the elastic cru-

stal response to the scenarios shown in Figure 3, we first determine how the vertical elastic

crustal response at the center and the edge of a disk load varies with the radius of the load.

The vertical response for a load corresponding to the removal of 1 m of ice is shown in Fig-

ure 4. The response was determined in two ways: by using Farre//’s  [1 972] vertical dis-

placement Green’s function and numerically integrating, over the disk area, and by summing,

to degree 512, load Love numbers for the 1066F3 Earth model (see appendix). Agreement

between the two methods is excellent, indicating that the response to a disk of radius 1.13

degrees (=250 km diameter), which corresponds to the discretization  of the scenarios shown in

Figure 3, is sufficiently represented by truncating summation at degree 512. Consequently,

the elastic crustal responses described here were obtained using the expressions given in the

appendix and summing to degree 512.

A similar calculation for horizontal velocities (not shown) shows that peak horizontal

displacements are attained at the edge of the disk load, and reach magnitudes of 18-20°/0 of

the peak vertical displacements. Removal of the load results in horizontal displacement away

from the load center. If a region that is losing ice and a region that is gaining ice are situated

close to one another, then the horizontal rates can interfere constructively (i.e., add) between

the two regions. Therefore it is possible in special situations for peak horizontal rates to

reach values slightly in excess of I/3 of the peak vertical rates. Ilowever, none of the present

day scenarios shown here exhibit this exceptional behavior.

Scaling crustal  motion to annual changes. The vertical displacement calculations

shown in Figure 4 can be used to determine the approximate elastic response to the four

present day scenarios. For example, the peak height change for individual disks in the J92

scenario is around 700 nm/yr inland of the Filchner-Ronne  shelf, so the peak annual crustal

displacement due to a single disk would be around 8 mm (11 mm x 700 /1000; 11 mm

corresponds to the vertical displacement at the center of a disk of radius 1.10, see Figure 4).

h40st of these disks are not isolated, however, so the peak rates will be, somewhat higher,
.$)

corresponding to the response to a larger load. For example, the five Pine Island glacier disks

are roughly equivalent to a single disk with radius of about 2 degrees. With a height change

around +200 mm they would cause an annual vertical displacement of about -3.5 mm
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(18 x 200 /1000). Vertical displacements at the edge of a changing ice mass tend to be

slightly more than half the peak displacement at the center. These results suggest that typical

elastic vertical rates frotn the present day scenarios are of the order of 5 mtiyr or less, except

for the J92 scenario in the region inland of the Filchner-Ronne  ice shelf, where rates may

reach values slightly in excess of 10 mm/yr.

Response to realistic scenarios. These general predictions are confirmed in Figure 5,

which shows the detailed elastic vertical rates for the four present day scenarios. Table 2

shows the crustal  responses for the 12 selected Antarctic bedrock sites described earlier.

These rates are the response of the solid Earth, and are not the velocities that would be

obtained on the ice sheet surface, nor do they include the viscoelastic  response to past ice

mass changes. They do include an ocean loading contribution obtained by assuming that the

ice mass gain or loss is distributed uniformly in the ocean basins. N’ith the exception of the

J92 scenario, predicted vertical velocities have magnitudes of 5 mnl/yr or less. For scenario

1, having a net mass gain at a rate equivalent to 0,1 mm/yr of sea level fall (~ = – 0.1

mn~/yr),  the largest velocities are obtained at the center of the Pine Island glacier, which is

sinking at 4-5 mm/yr (~ = -4 to -5 mrn/yr), and inland of the Riiser-Larson  ice shelves, wrhich

is rising at less than 4 mm/yr (~ <4 mm/yr). These regions correspond to the areas of large-

st mass change for this scenario.

Scenario 2 by area (~ == –0.8 mmiyr) exhibits an overall pattern of subsidence of

Antarctica, with the majority of the continent subsiding at rates between 1 and 2 n)nl/yr.

I;xcep(ions  to this are regions of concentrated mass increase (Pine Island Glacier and Lambcrt

Glacier), where subsidence is Iargcr,  and the Ross ice shelf and the tip of the Antarctic Penin-

sula, where subsidence is occurring at less than 1 mm/yr. Scenario 2 by mass (< == - 1.1

mmlyr) also exhibits a continent-wide pattern of subsidence at rates between 1 and 2 mm/yr.

It differs from scenario 2 by area in that extrapolation to unmeasured regions was done solely

to coastal regions where mass accumulation rates are high. As a consequence, this model

predicts subsidence of 2 to 3 mm/yr along the coastal regions of much of East Antarctica.

The J92 scenario (~ = 0.45 mm/yr) features the largest rates of the 4 scenarios. Peak

uplift rates in excess of 10 mm/yr are obtained in a small region inland of the Filchner-Ronne

ice shelf. Uplift rates of 2 to 5 mm/yr are obtained along the coastal regions of Enderby

Land. Regions around the Amery ice shelf, and some regions inland of the Ross Ice Shelf

and on the Antarctic Peninsula are rising at 6-7 ndyr.

With the exception of the J92 scenario, peak horizontal velocities (Figure 6) are

predicted to be slightly less than 1 n-dyr,  and most notably feature inward motion on the

edges of the Pine Island glacier. For the J92 scenario, peak velocities on the edges of the

load inland of the Filchner-Ronne  Ice Shelf attain values just under 2 mm/yr.
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Solid-Surface Gravity

The solid-surface gravity values ~ (Figure 7) range from about -3 to 1.2 pgal/yr.  Except

for the J92 scenario, the & rates are smaller than 1 pgal/yr.  The regions of peak & rates

correspond to those previously described for the vertical response.

Robust & rates are derived pritnarily  from the motion of the surface through the back-

ground gravitational field. The predominance of the “free-air” effect means that a region that

is rising will experience a decrease in gravity because it is moving away from the center of

the Earth. Consequently ~ values can be approximately determined by scaling the vertical

velocities by the free-air gradient – 2g0 /a x - 0.32 pgal/mm. A more accurate estimate can

obtained by noting that the load and gravitational perturbation terms –0.5 – (n + 1 )k,l range

from 10VO (low degrees) to 20’XO  (high degrees) of the free-air term 2/2,1, and arc opposite in

sign (see equation 2 la). Therefore, if the vertical velocities are scaled by about 85°/0 of the

free-air gradient (Z – 0.27 pgalhmn) a

response.

Results 2: Viscoelastic Response

good estimate of & can be made for the elastic

to Past ICC Mass Changes

The scenarios of present day ice mass change predict vertical crustal motion rates that

are typically under 5 mm/yr, and at the largest arc slightly in excess of 10 mm/yr. The peak

crustal responses from these scenarios could potentially be observed with suitable geodetic

techniques (e.g., CiPS and absolute gravity), provided a sufficiently long period of observa-

tions were undertaken. However, meteorological fluctuations in accumulation rate can mask a

long term trend, which would make the interpretation of geodetically-derived crustal responses

in terms of secular ice mass imbalance more difficult [Coi/rad  am’ Haget”, 1995]. The viscoe-

lastic response to past ice mass changes is also potentially quite large and might include

equally-sized contributions from late Pleistocene/early Holocene ice sheet reduction and frotn

possible smaller, but more recent (e.g., within the last 1000 years), ice mass changes [ JVahv et

(//., 1 995].

Jame.s  and lvim [ 1995], using the ICE-3G glacial rebound model [Tushit/gham utld Pe/-

tier, 199 1], showed that the viscoelastic  glacial rebound response to early Holocene Antarctic

ice mass reduction could be more than twice as large as the elastic response to present day

scenarios. The following explores this response in more detail, and exatnincs  how the timing

of deglaciation,  mantle viscosity, and the spatial pattern of deglaciation  affect the Antarctic

crustal response. The crustal responses (~, ~, and & ) are listed in Table 3 for the deglaciation

scenarios considered in this section. We begin by briefly discussing the CLIMAP (Climate:

Long-range Investigations, Mapping, and Prediction) reconstruction of the Antarctic ice sheet
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at LGM.

A landmark study of the Late Pleistocene and Holocene Antarctic ice sheet is described

in Chapters 6 and 7 of the CLIMAP volume edited by Denton ami Hughes [1981]. T h e

reconstruction includes explicit maps for LGM ice surface elevation, ice thickness, and

bedrock elevation, thus providing a means for determining the change in the load provided by

the Antarctic ice sheet since last glacial maximum. This ice sheet modelling  vras two-

dimensional in nature, as described by F’a.s[ook and Ht@e.~ [1980] and llughes et al. [1981].

Equations of static equilibriutn  were integrated from the grounding line (generally assumed to

lie at the present day 500 m isobath)  along flow-lines into the interior of the ice sheet. Sur-

face elevations and thicknesses along the flow-line were consequently determined. This pro-

cess was repeated for many such flow-lines, encompassing the entire ice sheet, and synoptic

maps were prepared by interpolating between flow-lines.

A model control parameter is the assumed basal shear traction. Preliminary values of

this critical parameter were determined by reconstructing the present day Antarctic ice sheet

and subsequently refined for the LGM reconstructions by requiring that all the flow-lines lead-

ing to a given ice dome have the same peak elevation. The ice-flow modeling also incor-

porated a crude approximation for isostatic processes.

1.C79  load. CI.l MAJ’ numerical modelling  allowed grounded ice to grow to the con-

tinental shelf edge at I. GM. To reach the present day ice configuration, the greatest volume

of late Pleistocene and liolocene glacial removal occurs where the grounding line is presently

furthest from the continental shelf edge. This is shown in Figure 8 (after l.in.gle aI?d Cfan’i

[ 1979]; see their Figure 3), which gives an estimate of the ice mass change since LGM that

contributed to a rise in eustatic  sea level and hence contributed to a change in the surface load

experienced by the crust. The Ross Ice Shelf, and to a lesser extent the Antarctic Peninsula

and the Filchner-Rcmne Ice Shelf, located south of the Weddell  Sea, experienced the greatest

mass loss.

l,iq#e and C/at”k’s [1979] map of ice mass change (hereinafter LC79)  was digitized and

present day uplift rates determined (Figure 9) using equation (14) and summing to harmonic

ciegree  120. This truncation limit is sufficient to capture the important aspects of the present

day crustal deformation and solid-surface gravity response. Subsequent viscoelastic  calcula-

tions are also truncated at degree 120. Upper and lower mantle viscosities of 1021 and
2 x ] 02] pas were chosen. To facilitate comparison with the ICE-3G model [ Tu.~hinghanl

a}d Pe/tiw,  1991], dcglaciat  ion is assumed to begin at 9 kyr and end at 4 kyr. At each grid

point the load is assumed to decrease linearly between the beginning and end of deglaciation.
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1.C79 lJplift  Rates. As expected, peak uplift rates are predicted on bedrock beneath the

present day Ross Ice Shelf, reaching values in excess of 25 rmdyr.  Uplift rates larger than 20

mm/yr are predicted for the Filchner-Ronne  ice shelf and adjacent regions of the Transantarc-

tic Mountains, and rates larger than 15 nlm/yr for a portion of the Antarctic Peninsula. In

contrast to the substantial portions of West Antarctica that arc predicted to rise at rates greater

than 10 mrtdyr, Fjast Antarctica, with the exception of regions near Casey and Davis, features

uplift rates of 5 mm/yr or less.

Effect of Timing of Deglaciation. The effect of varying the timing of deglaciation,

assuming the LC79 load, is shown in Figure 10 for the Prince Olav Mountains, which were

arbitrarily chosen as a representative bedrock site predicted to have substantial glacial rebound

uplift rates. Deglaciation  is assumed to proceed linearly and other model parameters are the

same as in Figure 9. Uplift rates of 10 mndyr or greater can be attained for a wide range of

timing. If wc assume deglaciation  begins at 18 kyr, it must continue through to 4 kyr or later

to obtain uplift rates 2 10 mn-dyr,  and if deglaciation  begins at 10 kyr, it must continue

through to 9 kyr or later. Any timing choice in which more than one half of the deglaciation

occurs in the Holocene (10 kyr or later) will give rates 2 9 nm-dyr.

The ICE-2, JCE-3G, and ICE-4G Rebound Models

Geophysical models of the deglaciation  occurring since LGM have been used to compute

relative sea level variations, crustal displacements, perturbations to the static and time-varying

gravity field, and secular polar motion. The Antarctic component of these models has fre-

quently been based on the CLIMAP  reconstructions described by Hughes  et al. [1981] and

s’t[(i\’e/”  et (7/. [ 1981]. For example, the ICE-2 model [ Wu and  Pe/tier,  1983] incorporates the

Cl,1 MAP Antarctic reconstruction, and features a relatively early timing of deglaciation.

Changes were made to the Antarctic load in lCE-3G [ Tu.~}zi}zghat}l  and Peltier, 1991] and

ICE-4G [Pdfier, 1994], especially to the timing, but the overall pattern of deglaciation

predicted by the CLIMAP model was retained. Similarly, the ANT series of models [Nakada

atzd Lambeck, 1989] are derivatives of the Antarctic CLIMAP  reconstruction, with the

difference between the ANT models being one of timing the collapse histo~.

Compared to the northern hemisphere, there are relatively few constraints on the late

Pleistocene and Holocene mass reduction of the Antarctic ice sheet. For example, the relative

sea level (RSL) data base employed by Tushitlgham  and Peltier [1992] to estimate ice heights

for the ICE-3G chronology [ Tu.~hinghatu  a}d  Pelfier,  1991], contains “C shoreline emergence

data for only 4 localities in the Antarctic region. This contrasts with data for 69 localities for

Arctic Canada and Greenland and 86 localities for northern Europe. Therefore, the timing of

Antarctic deglaciation  (more properly ice mass reduction, as the continent is still 98% ice
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covered) has been controlled almost exclusively by the need to match observed far-field RSL

observations [e.g., Nakada and Latm5eck, 1987]. In essence, Antarctica has served as a reser-

voir from which the appropriate amount of water is added to the oceans to give agreement to

far-field observations.

lCE-3G  and lCE-4G  Uplift. The vertical motion in Antarctica predicted by the ICE-3G

[Tushingham and Peltier, 1991] and ICE-4G  [Peltier,  1994] global models of ice sheet col-

lapse are shown in Figures 11a and 11 b, respectively. The ICE-3G model specifies the height

of disks of ice at 1000 year intervals from 18 to 4 kyr. Its response was determined in a

manner similar to the response of the 1X79  load, and the same Earth rheology (lower and

upper mantle viscosities of 2 x 1021 Pas and 1021 Pas, respectively) was utilized. This man-

tle viscosity structure is identical to that assumed by Tu.shitlgham  and Peltier [1991, 1992] in

their calculations of relative sea level (RSL) change due to ICE-3G. The ICE-3G viscoelastic

calculations incorporate a gravitationally self-consistent ocean load, which can be important in

determining the far-field and peripheral crustal response, but is relatively insignificant for

m’aluating  the peak response.

The ICE-4G load history is not available in the detailed manner of lCE-3Ci, and, conse-

quently, the vertical rates for ICE-4G were obtained from fries of topography change com-

puted by W. R. Peltier and made available through the National Geophysical Data Center,

floulcler, (’0. ‘1’hese files give the surface elevation (topography) relative to sea level (at 1000

year intervals since 21 kyr) resulting from using the lCE-4G chronology as the input for a

Maxwell viscoclastic  surface loading calculation. Values are given on a 1° by 1° global grid.

At each grid-point, the change of topography was obtained between the present and 1 kyr, and

bctlvccn  1 and 2 kyr; from these rates the present day rate of change of topography was deter-

mined. This procedure is valid because the model has no ice mass change, and hence no ice

height change, since 5 kyr. Therefore, changes in topography, even over ice-covered regions,

represent changes in the height of the solid surface.

A comparison of the LC79 uplift map (Figure 9) to the ICE-3G and ICE-4G maps (Fig-

ure 11 ) reveals a very similar pattern of uplift. In all three cases there are 3 loci of peak

uplift rates located in the Ross Embayment,  the Filchner-Ronne  Ice Shelf, and the Antarctic

Peninsula. The Ross uplift is the largest, and the Filchner-Ronne  uplift tends to be the second

largest. For ICE-4G the Filchner-Ronne  uplift is similar in magnitude to the Antarctic Penin-

sula uplift. Apparently, the CLIMAP spatial pattern of deglaciation  has been largely retained

in ICF,-3G and lCE-4G.

The largest vertical rates are observed in the Ross Embayment,  and reach 17 mm/yr for

ICF;-4G  and 26 mm/yr for ICE-3G, which is about 50’?ZO larger. Apparently this difference is

primarily due to the differences in timing, as the LC79 load predicts about a 409’o difference
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Olav Mountains between ICE-3G and ICE-4G timings (Figure 10).

Response. The peak horizontal velocities are about 3 mndyr,

approximately 1/9 the peak vertical rates (Figure 11 c). This is similar to North America and

Fennoscandia,  where James and  Lambert [1993] found that the peak horizontal rates are about

1/1 O the peak vertical rates for the ICE-3G model. Some parts of the TAM, ~$’hich have

abundant rock outcrop, are predicted to have horizontal velocities near 3 nml/yr.

ICE-3G  Surface Gravity Response. The peak solid-surface gravity change rates (~) for

ICE-3G reach -4 pgal/yr (Figure 11 d), larger than the peak ~ rates for the 4 present day mass

change scenarios shown in Figure 7. Comparison of Figure 11a with 11 d suggests that the

ratio ~ /~ ~ –0. 16 pgallmm  for the viscoelastic  response, in contrast to the ratio of around

-0.27 pgalhnm found for the elastic response.

The different ~ /}z ratio for glacial rebound arises because the viscoelastic  response

involves mantle flow, and is thus fundamentally different from the elastic response. In the

case of the viscoelastic  glacial rebound response there is the usual free-air effect – 2g0 /a x

-().32 pgal/nml  (a = 6371 km is the radius of the Earth). In addition, regions that are uplift-

ing (subsiding) are experiencing a flow of mantle material into (out of) the region beneath the

uplift (subsidence). If we assume that the uplifting region is sufficiently broad, then the gravi-

tational attraction of the infiowing mass can be approximated by an infinite sheet. With a

thickening rate ~, the change in gravity due to the sheet is given by 2nG pnl ~, where p,,, is

the density of the inflowing material, and is assumed to be 3350 kg/nl~ here. This gives a

close to the value of –O. 16 pgalhnm found

is slight, given the simplicity of the infinite

mantle density.

rat io ~//) due to the influx of mantle material of about 0.14 pgal/nm~. Combining the free-air

and mantle influx yields ~/~ x –O. 18 pgal/nm~,

from examination of Figure 10. The difference

sheet approximation and the adoption of a single

H’ahr et a/. [1995]  noted that simultaneous observation of vertical motion and solid-

surface gravity change might provide a basis for separation of the viscoelastic  glacial rebound

signal and the elastic present day mass change signal. For glacial rebound ~ ~ –O. 16A, or

i= –6.5~.  Assuming g and h are both observed at the same point, then the linear con~bina-

tion A = ~ + 6.5~, should not contain a glacial rebound signal and isolates the signal due to

present day mass changes.

Mantle \Tiscosity

The standard viscosity profile for ICE-3 G/ICE-4G  calculations consists of a 2 x 10z’ Pas

lower mantle and 102 ] Pas upper mantle. These values are largely constrained by glacial

uplift observations from Fennoscandia  and North America [e.g., W’u ad Peltier,  1982;
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Tus}?ingham  and Peltier, 199 1], and perhaps should be interpreted as depth-a~w-aged  values of

candidate viscosity profiles that could exhibit substantial radial variation [e.g., Mifrcn’ica,

1996]. A value of 10 2 ] Pas may not be an especially appropriate “average” viscosity for the

upper mantle underlying West Antarctica. In contrast to the relatively stable Archean  base-

ment underlying the regions of peak Laurentidc  and Fcnnoscandian  uplift, West Antarctica has

experienced rifting over an area comparable to the Basin and Range or the East African rift

system [Ldfa.wvier, 1990], probably since the late-Cretaceous  [Beht-emif  et al., 1991 ]. Sie}w

a~id zen l?ril~k  [1989] model the growth of the Transantarctic  Mountains (TAM) as a passive
(: rift shoulder. This implies ~;otnewhat elevated upper mantle and lithospheric  temperatures

beneath West Antarctica, as might be inferred from a recent tomography study by Roulf ef al.

[1994] using Rayleigh  wave data. lvins atld Sanmis  [ 1995)  converted global seismic velocity

anomaly models to lateral mantle viscosity variations, and found that the mantle viscosity at

350-kn~  depth beneath West Antarctica could be up to 2 orders of magnitude smaller than the

upper mantle viscosity beneath Fennoscandia.

The viscosity of the lower mantle could also deviate significantly from the nominal value

of 2 x 10Z1 Pas used in the preceding calculations. Lower mantle viscosities from postglacial

rebound modclling  can range from 10 2] to 1023 pas [e.g., iVakada and Lanlbeck, 1987] and

models developed to explain global geoid perturbations, heat flow, and plate motion feature

lower mantle viscosities that are substantially larger than upper mantle viscosities. A recent
inversion of glacial rebound decay times and low degree geoid coefficients [F’orte  atjd h4ittw-

~’i~w, 1996] features an increase in viscosity from the transition zone to 1000 km depth by a

factor of 100. Below 1000 km depth the mantle viscosity fluctuates around 10ZZ Pas.

Another complete global inversion by Mitmica nltd F’orfc [1997] suggests the possibility of a

minimum in the radial viscosity profile of the mantle at 500 km depth, with the local

20 Pas The latter profile is rather consistent withminimum reaching as low as 1 – 2 x 10 . .

recent full mantle convective simulations with temperature and depth dependent viscosity [van

Kckctl et af. , 1 994].

Uplift rates at Prince Olav Mountains are shown in Figure 13 for the ICF-3G chronology

as a function of upper and lower mantle viscosity; values were chosen to explore the effect of

reducing the upper mantle viscosity and increasing the lower mantle viscosity. This simple

two layer parametrization does not reveal details of the sensitivity of uplift rates to the viscos-

ity profile, but suffices to provide a guide to the range of expected uplift rates. For example,

the viscosity near ~he bottom of the lower mantle is unlikely to affect uplift rates due to the

limited spatial extent of the West Antarctic uplift [e.g., ikfitro}~ica,  1996]. Substantial uplift

rates (> 10 nm-dyr)  are predicted for the range of viscosity values considered here, except for

the case where the entire upper mantle viscosity is significantly less than 102’ Pas and the
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lower mantle viscosity is smaller than 5 x 10z ] Pas.

An alternative Antarctic deglaciation scenario

The models of Antarctic deglaciation  considered thus far generally adhere to the spatial

pattern of the CLIMAP reconstruction of Hughes  et al. [1981] and Stuiver  et al. [1981]. Geo-

logical observations that conflict with the CLIMAP  reconstruction are reviewed by Detzton  et

al. [199 1], who propose a revised model of LGM ice surface elevation, hereinafter called the

D91 model. They caution that their revised model is one of a number of possible interpreta-

tions of the observations. The LGM surface elevations for the CLIMAP reconstruction

[Stuiver et 0/., 1981  ] and the D91 reconstruction are shown in Figures 13a and 13b, respec-

tively.

CI,lMAP/D91  Comparison. The new interim elevation map of the Antarctic ice sheet

at LGM [DcIztotz et al., 1991] was largely motivated by two new types of information that

bear On its reconstruction. First, the isotopic signatures, 10Be and 1%, that have been

recovered from the deep Vostok ice core can be used to draw inferences about accumulation

rate changes over the past 150 kyr [Jcmzel  e[ al., 1992]. These indicate that a significantly

lower accumulation rate was sustained during glacial times [l,orius et al., 1985; l’iou et al.,

1985] than was assumed in the CLIMAP  numerical simulation reported in Stt{i\’ev et al

[ 1981]. Secondly, more detailed studies of the moraine drift sheet stratigraphy  in the Transan-

tarctic Mountains and Victoria Land indicate that the East Antarctic plateau has experienced

relatively little change in elevation from last glacial to present-day interglacial time [De~tto~?  et

a/., 1989a]. Corroborating evidence of a more limited glacial advance during Pleistocene gla-

cial times has been established in the Dry Valleys region of Southern Victoria Land from
40Ar / 39Ar dating of volcanic ash deposits [Drntcm et al., 1993; MaFcha/z[  and Lkwton,  1996].

Iience, the new interim reconstruction, D91, has a smaller ice buildup in the Ross

Embaymcnt  and essentially negligible ice sheet growth in the interior of the East Antarctic ice ~

sheet. Numerous drift sheet moraines in Southern Victoria Land contain material amenable

to “C dating techniques and Denton et al. [ 1989b] require the recession of the advanced,

grounded ice sheet in the Ross Embayment  to be well underway by 13 kyr and essentially

complete by 6.6 - 6.0 kyr. Motivated by new glaciological,  geological, and deep ice core

data suggesting that surface accumulation rates were lower than present during the late-

Wisconsin, Denton et al. [ 1989b, 1991] advocate that new reconstructions be smaller at LGM

than the CLIMAP reconstruction. L.kwton e~ a/. [ 1989b,  1991] also note that the if the current

configuration and strength of ice flow in the West Antarctic ice streams were to be maintained

during isotope stages 5 through 2 (120 - 11 kyr), then a more minimal istic reconstruction of

the West Antarctic LGM ice sheet is quite plausible.
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The main differences and similarities between the CLIMAP and D91 models can be

summarized as follows. (1) In East Antarctica the D91 reconstruction is slightly thinner, but

extends further over the continental shelves. (2) Although both models feature a similar

advance of the ice sheet onto the Ross Sea continental shelf, the D91 reconstruction is

significantly thinner in this region, such that ice would have flowed across the TAM from

I;ast Antarctica, rather than parallel to the TAM. (3) The ice sheet extends ~omewhat  further

seaward into the Weddell  Sea in the D91 model. Ilowever, like the Ross Sea, the D91 recon-

struction is thinner than the CLIMAP model over the present day Filchner-Ronne  ice shelf.

(4) The CLIMAP model has a large, continental-scale dome in East Antarctica, and a much

smaller dome in the Antarctic Peninsula. In contrast, the D91 reconstruction features a com-

plex of 3 ice domes in West Antarctica. The Antarctic Peninsula dome is enhanced, and pro-

vides the dominant uplift signal. In addition, smaller domes are located near the Ellsworth

Mountains and the Executive Comrnittec  Range.

Obtaining the D91 Surface load Model. To obtain an estimate of the present day

uplift due to the D91 model, it is necessary to estimate the change to the surface load that

occurred since LGM. This is complicated by the fact that an ice sheet thickened by an

amount AD causes the I;arth’s crustal surface to depress by an amount AD x piC,,  /p,,,, assum-

ing complete, local isostatic  response with ice density pl(.c ~ 920 kg/m3 and mantle density

P,}l = 3350 kg/nl~. This gives an effective change in elevation AE of the ice sheet of

A~- z AI) ( P)), - Pi,.<> )/Ptll = 0.73 AD. If it is the change in the ice sheet elevation AE that is

provided. the change in ice thickness AD that causes a change in the surface load is given by

AD = 1.38AE. The grounded LGM ice sheet expanded over regions that are now submerged.

f lere the present day water load must be expressed as an equivalent ice elevation and

diffcrcnced  with the LGM ice surface elevation to correctly determine an effective change in

ice height AE that contributes to a real change in the hydrological surface load (= piCc, ~oAD ).

The D91 surface elevations were digitized using the ICE-3G Antarctic grid. Present-day

ice surface elevations (or equivalent ice elevations over water covered regions) were obtained

from digital files of bedrock elevation and ice thickness [Radok et al., 1986] and the change

in ice thickness that causes a change in the hydrological load was then determined. The D91

Ic)ad provides 24.5 m in eustatic  sea level rise, 12’?40  more than the 21.8 m provided by lCE-

4G and 18’%0 less than the L,C79  load. To permit direct comparison with lCE-4G [Peltier,

1994], uplift rates (Figure 14) were computed assuming deglaciation  begins at 12 kyr and

ends at 5 kyr. The lCE-3G/lCE-4G standard mantle viscosity profile was utilized, and sum-

mation was truncated at harmonic degree 120.

D91 Crustal Response. The changes made to the CLIMAP  model to obtain the D91

model profoundly alter the crustal response pattern compared to ICE-3G or ICE-4G (Figures
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over large areas, are a robust feature of the models examined here. Observation of substantial

vertical rates would rather unambiguously imply an important, and probably dominant, glacial

rebound contribution. Present day ice mass imbalance could also give a significant crustal

motion signal exceeding 5 nwn/yr, although this response is likely to be of a more regional

nature.

The TAM form an impressive continental-scale topographic feature, their uplift related to

Cenozoic extension of West Antarctica. Tectonic uplift rates in the TAM could be as large as
1 mmlyr [Beheld  (lrld C’Oopw, 199 1], but a variety of dating constraints suggest this to be a

very conservative upper bound [ Wileh  el al., 1993; Sugde~l  e[ al., 1995]. Analogous continen-

tal rift systems are generally consistent with this upper bound for tectonic rates. For example,

geodetic measurements in the northern Ethiopian rift valley have determined horizontal exten-

sion rates of about 3 - 5 nm~/yr  [it40hr  et al., 1978] and such rates probably bound the hor-

izontal rates associated with present day tectonics in Antarctica. Tectonic effects may there-

fore not be of critical importance to the interpretation of future GPS-based vertical crustal

motion observations in Antarctica, although at least one local network has been designed with

possible volcanogenic  crustal deformation in mind [Gubelli~li  am’ Po.~tpisch/,  1990].

Present and Past Antarctic Mass Balance

Present Mass Balance. The question of the present

ice sheet remains critical to understanding present day sea

day mass balance of the Antarctic

level change. The combination of

crustal motion (GPS) and surface gravity change observations proposed by Wahr ef al. [1995]

can, in principle, remove the viscoelastic  “rebound” motion from the present day elastic

response. However, the gravity signatures predicted here could be small compared to the

direct hydrological effect of nearby changes to the ice sheet, suggesting that gravity
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observations may in some instances have a direct role to play in determining local ice sheet

balance.

The secular gravity changes due to present day mass imbalance that are presented here

assume that any nearby ice sheet change occurs at the same elevation as the observation point,

and so does not contribute directly to the computed gravity change. The computed secular

gravity change presented here is therefore sem.itive mainly to the local vertical motion caused

by the changing ice mass. To see how big the direct hydrological effect could be, consider an

observation point located above the changing ice sheet, such as a nunatak  protruding above

the ice. An upper estitnate  of the direct attraction can be obtained by noting that the mass

attraction of an infinite sheet of ice changing thickness uniformly at a rate ~ is given by

2rcpi,,(,  G/z. For a 200 mm/yr thickening, corresponding to the Pine Island Glacier, this gives a

secular gravity change of 7.7 pGal/yr,  which is about twice as large as the largest postglacial

rebound ~ prediction. This estimate naturally gives an upper bound on the direct mass attrac-

tion, but even one-half of this value, corresponding to measurements on an outcrop with finite

width, could provide the dott~inant  signal at some Antarctic sites. Bedrock absolute gravity

obser~’ations could possibly play a rather more direct role in directly constraining local ice

sheet balance than simply being used to remove the rebound signal.

Past Mass Balance. This study dots not exhaust the range of possible Antarctic degla-

ciation  scenarios, and the dating of features related to former ice sheet extent and retreat

remains a critical issue. I)etztot?  ef al. [ 1991] caution that their interpretation of the observa-

tions leading to the D91 model is only one of a number of possibilities and that their revision

is not based on rigorous numerical nmdelling. For example, h’e//ogg et aI. [ 1996] still favour

an I.GM reconstruction similar to CLIMAP  in the Transantarctic  Mountains and Ross Fhnbay -

ment.  II] contrast, icc sheet modelling  of the Antarctic Peninsula features ice heights greater

than 3000 m at LGM [}’a~~nc  et al., 1989], which is even larger than that proposed in the D91

model. In addition to the crustal motion observations proposed here, other future constraints

that can be brought to bear on the question of the history (timing, size, and magnitude) of the

Antarctic ice sheet include further high-resolution ice and marine core analyses, dating of rock

surfaces through cosmogonic isotopes, and geomorpho]ogical  mapping and interpretation

accompanied by three dimensional numerical modelling  of ice sheet dynamics.

The viscoelastic  calculations presented here do not incorporate possible recent Antarctic

ice mass changes. Wahr et al. [1995] found that a numerical model of Antarctic ice mass bal-

ance for the past 1 kyr produces as large a viscoelastic  crustal response as the early Holocene

lCE-3G chronology. Three dimensional numerical ice sheet mode]ling  incorporating a realis-

tic bedrock response leads to present day crustal rates in excess of 50 mm/yr over large por-

tions of West Antarctica [Le Mew and Hu>~brcchts, 1996], suggesting that the predictions
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given here may in fact underestimate the present day Antarctic rebound signal. Ilowever$

their models feature a substantial mass input to the oceans during the past 4 kyr, apparently

conflicting with requirements of far-field sea level variability wchich is constrained to within 1

-2 m [Lambeck, 1996]. Further three-dimensional ice sheet modelling  incorporating a realis-

tic bedrock response is needed to resolve these and other issues.

The key outcome of this study is the large postglacial rebound signal predicted for rea-

sonable variations in a range of model parameters. The main points are summarized in the

following.

Antarctic Postglacial Uplift: Key Parameters

Size of Load. The large crustal rates predicted here could be revised dowmvard  if future

I.Ghl Antarctic reconstructions are smaller. Early CLIMAP-based models feature 25 to 30 m

equivalent contribution to postglacial sea level rise (LC79,  29 m; ICE-3G,  26 m), whereas

later models  feature 20 to 25 m contribution (ICE-4G,  21.8 m: D91, 24.5 m). demonstrating a

trend toward smaller Antarctic LGM reconstructions. Colhoutl et al. [1992] has even taken

the view that the sea level contribution is as small as 2 meters, based on observations of

raistxi  beaches in Victoria Land. However, assuming that geomorphological  features cited by

Dc)}fo}? e~ al. [1991] in explaining the D91 reconstruction are, indeed, related to LGM (and

not an earlier glacial maximum), then substantial growth of the West Antarctic ice sheet at

1,Cih4 seems to bc required.

Viscosity Structure. Large rates, similar to those predicted using the ICE-3 G/lCE-4G

standar(i  viscosity structure (lower mantle 2 x 10? 1 Pa. S, upper mantle 10Z i pas), are

predicted for a fairly wide range of smaller upper mantle viscosities and larger lower mantle

viscosities. Only if the entire upper mantle viscosity is reduced substantiality and the lower

mantle viscosity is near or below its nominal value, are uplift rates reduced by more than

50?40. I;ast Antarctica has not undergone the rifting episodes inferred to have occurred in

West Antarctica, and is likely to have a colder, more viscous, upper mantle [e.g., Stem  and

tctl  Britlk, 1989]. The TAM mark the tectonic boundary between East and West Antarctica.

It is possible that sites in the TAM, such as the Dufek Massif and the Prince O]av Mountains,

may be subject to larger glacial rebound uplift rates owing to effectively larger upper mantle

viscosities than sites located wholly within West Antarctica, such as the Executive Committee

Range.

Timing. An issue critical to the prediction of the crustal response is the timing of degla-

ciation,  as shown in Figure 10 for the LC79 load. The ICE-4G model features Antarctic col-

lapse between 12 and 5 kyr [Pdtict”, 1994]. This timing may have to be adjusted slightly in

some regions. For example, on the Antarctic Peninsuia,  CIuppertoIt  ami Sugde}] [1982]
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( consider the ice cover to have been stable since at least 6.5 kyr, suggesting that the latter

phases of ICE-4G deglaciation  on the Antarctic Peninsula are somewhat tardy. As another

~ example, Licht et al. [1996] place the maximum extent of the LGM ice sheet in the western

Ross Sea about 250 km from the shelf edge at approximately 74.5° S. They suggest that the

ice sheet had retreated about 100 km to the Drygalski  ice tongue (75.5° S) by 11.5 kyr, and

that the Ross ice shelf reached its present location around 7 kyr. Therefore, for this region

the ICE-4G timing may also be slightly too late.

If the ICE-4G Antarctic timing is too late, the uplift rates shown in Figure 14 for the

D91 model with ICE-4G timing would have to be adjusted downward. Assuming that a more

appropriate titning  features deglaciation  beginning at the same time (12 kyr), but ending 2 kyr

earlier at 7 kyr, the approximate reduction factor can be estimated from Figure 10. The uplift

rate at Prince Olav Mountains using the LC79 load and ICE-4G timing is about 12 nmiyr.  If

dcglaciation  ends 2 kyr earlier, at 7 kyr, then the uplift rate would only be 10 mn~/yr,  a reduc-

tion of 20°/0. If deglaciation  started at 14 kyr instead of 12 kyr, the uplift rates would then be

reduced to about 8.5 n~m/yr,  which is about a 30°/0 reduction. The Earth’s variable response

to changes in timing does not scale exactly between differently sized loads, or even between

different locations with the same load, so this calculation should only be used as a rough

guide. The important point is that even when the D91 uplift rates given in Figure  14 are

ruiuccd by 1/3, corresponding to a 2 kyr shift backward in timing of deglaciation,  there are

still large regions of West Antarctica predicted to be undergoing substantial uplift.

Spatial Pattern. A primary outcome of this study are the large differences in predicted

crustal response between different glacial rebound models. For example,  1)9 ] is constructed

to have its timing of deglaciation  similar to ICE-4G, and provides a similar size mass load

change (24.5 m eustatic  sea level contribution vs. 21.8 m for lCE-4G), yet Table 3 shows that

interior West Antarctic sites can differ by a factor of two or more in their crustal responses.

Mt. Ulmer (I CE-4G,  2.5 rmdyr;  D91, 12 mnl/yr),  Prince Olav Mountains (lCE;-4G, 11.9

mndyr;  D91, 6.5 mm/yr) and Basen (IC13-4G, 1 mn~/yr; D91, 6.6 mm/yr) are perhaps most

notable in this regard.

Summary

Since the CLIMAP report [Dcn(oH  ad llughes, 1981 ] considerable progress has been

made on elucidating the glacial history of Antarctica since LGM, yet much remains to be

determined. First order questions, like the number and location of ice domes in West

Antarctica and the timing and nature of ice sheet retreat in the Ross and Weddell  Seas, are

only partially answered. Arguably, the amount of Antarctic ice sheet growth at LGM is only
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lmown to an order of magnitude. Basal till conditions play a crucial role for stability and

growth of a more extensively grounded ice sheet during the last global glacial period

[LfacAyea/,  1992], but their role is not yet fully clarified.

The calculations presented here provide quantitative input for strategies designed to

measure present day Antarctic postglacial rebound. Such observations could supply con-

straints on the size, shape and titning  of Antarctic ice sheet evolution during Northern hem-

ispheric deglaciation  (22 - 6 kyr B.P.), providing input for paleoclimate  and paleoceano-

graphic models. Well detertnined uplift rates at a few selected inland sites in West Antarctica

could help determine whether the CLIMAP  [Dentcvz  ad Hz@rs, 1981] or D91 [Dew/cm et

a/., 1991 ] reconstruction more accurately portrays the ice sheet at LGM, and thence guide

future ice sheet reconstructions.

A given crustal motion or surface gravity observation in Antarctica is potentially the sum

of an elastic crustal response to present day ice mass changes and a viscoelastic  response to

past ice changes. The viscoelastic  signal may include the response to more recent, although

smaller, ice mass changes, perhaps related to continuing draw-down or adjustment following

the larger late Pleistocene and early Holocene ice sheet reduction. Recent events drive a more

robust response [Le A4eur atld Hq’brecbfs,  1996], as demonstrated in Figure 10 for the LC79

load. Although we argue that postglacial rebound is expected to dominate over large regions

of West Antarctica, in practice both the elastic and rebound responses are “signal”, and

separation of the two effects should be sought. Other direct glaciological  observations must

be considered along with simultaneous observation of crustal motion and secular surface grav-

ity [ Wahr et al., 1995]. Monitoring mass balance related parameters, such as total moisture

flLlx into the continent [Conrad and llager, 1995] and melting, freezing, and calving at the ice

sheet margin, is flmdamental.

A substantial viscoelastic  postglacial rebound response is expected to dominate crustal

motion over large regions of West Antarctica. An elastic response to present day mass imbal-

ance is generally predicted to be smaller in amplitude, but this must be confirmed on a site-

by-site basis through glaciological  or geodetic observation, Expansion of a program to

observe crustal uplift with continuous GPS tracking in the Transantarctic  Mountains [Ra~w/ond

e~ al., 1997] to other West Antarctic sites could aid in resolving some of the most basic ques-

tions concerning Antarctica’s late-Pleistocene and Holocene mass balance.
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Appcndix

Expressions (14), (18), and (22) are highly simplified for the case of a purely elastic

response. The terms in square brackets are replaced by the elastic responses U$, V:’, and

G;’, and the time index k is not required. We have

I’l,d cc L,, i
~di.+,f ‘m; G~’P},  (c~sui ). (Ale)

i=ln=O

These relations can also be written in terms of elastic Love numbers. For the vertical dis-

placement we have

(1
‘VI ,~ii.rk.s =  , ) 1

t?

[’id c? L,l i
,; ,~o-y;kv’,, (Cosl)i  ), (A2)

and similarly for the other responses.

For disks of identical radius a mass proportionality factor enters and the coefficients L,, ,i

simplify to l.,~ x Di /1) o = Z,,l x D ‘i, where L,, is the I.egendre  coefficient corresponding to a

reference height D(). For example, for the vertical displacement

‘$ I.,  ~ciivk~ ) =
JL1~ r) ‘ i  ~ “L/l~il),, (COSUi ) (A3)
t?l e i=l ,, =() Y,,

has the advantage that the response can bc computed more efficiently. Defining the vertical

displacement disk Green’s function as Xr(u)  gives

x,. (u) = ~ ~ -&2;lPn (cow) (A4a)
~)le )1 =0 YII

Id,d

‘Vr ,dislm
=  ~D ‘iX~(u; ) . (A4b)

i=l

If the “disk” is a unit point mass, then Lfl = y,l, and (A4a) describes the well known elastic

\ertical  displacement Green’s function for a point mass, as tabulated, for example, by FarrrlI

[1972].
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Figure Captions

Figure 1. Antarctic location map. Twelve sites where crustal motion and solid-surface grav-

ity predictions are tabulated are marked with a filled circle. Site locations are given in Table

1.

Figure 2. Definitions for computing the response to surface loads expressed as a number of

spherical caps or disks. In the (0, L) coordinate system of co-latitude and east longitude,

referenced to the pole of rotation Z, spherical cap i, with radius ~i, is located at (Oi. k;).

The cap is an angular distance Ui from an observer at (0, 1). Relative to this observer, the

disk load has an azimuth ~i measured clockwise from the north pole.

Figure 3. Four scenarios of present day Antarctic ice sheet mass change derived from BeH(leJJ

and Gio\iJleifo [1991] (Scenarios 1, 2 by Mass, and 2 by Area) and .Imwb.r el al. [1992] (J92

Scenario). imbalance is represented in nml/yr of ice thickness change. A detailed description

of the construction of these scenarios is given in James amf lvim [1997]. Filled circles

correspond to the 12 localities identified in Figure 1 and Table 1.

F’i:ure 4. Elastic vertical displacement due to removal of a spherical cap (or disk) load

corresponding to 1 m of ice thickness (assumed ice density pi,C = 917 kgjnl~). The response

is computed at the center and edge of the load for a range of cap radii using Fart-e//’s [1972]

vertical displacement Green’s function and numerically integrating over the load (triangles).

Also shown (+) is the essentially identical response obtained by sutnming  vertical displace-

ment elastic Love numbers (h,~l) for the 106613 Earth

appendix.

Figure 5. Vertical crustal velocities A arising from

mass change (mwdyr)  shown in Figure 3. Contour interval is 2 mn~/yr  for the J92 Scenario,

otherwise 1 nml/yr. The response shown here is what would be measured on a rock outcrop,

and does not include the viscoelastic  response to past ice changes, nor the change in ice thick-

ness that would be observed on the ice sheet.

model to degree 512, as described in the

the 4 Antarctic scenarios of present day

Figure 6. Satne as Figure 5, but for the horizontal crustal response i. Scale shown in center

of figure.
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Figure 7. Same as Figure 5, but for the rate of change of solid-surface gravity ~. The con-

tour interval is 0.8 pgal/yr for the J92 scenario, otherwise 0.4 pgal/yr.

Figure 8. A reconstruction of the Antarctic ice sheet at

see text for details) which was derived from the early

Last Glacial Maximum (1.(79 load,

rnodelling  of Hughes et al. [1981].

Shown is the portion of the load that contributed to a change in

interval 500 m. After Lingle ami Clark [1979]; see their Figure 3.

Figure  9’. Vertical crusts] velocities in response to the LC79 load.

global  sea level. Contour

Deglaciation  is assutned  to

begin at 9 kyr and end at 4 kyr, similar to the Antarctic portion of the ICE-3G deglaciation

history of Tu.shi@mn~ ad Peltier [1991]. Earth structure 1066B is assumed. Thickness of

the lithosphere is 120 km and upper and lower mantle viscosities are 10z 1 and 2 x 10z 1 Pa s,

respectively, consistent with Tu.shi@?am ami Pe/tie~  [1991]. (All subsequent results for

viscoelastic  response, including those reported in Table 3, but excepting Figure 12, assume

this structure. and lithospheric  thickness). The Prince Olav Mountains are marked with a dia-

mond, other tabulated crustal motion sites are marked with a circle. See Figure 1 for site

names. Contour interval is 4 nml/yr.

Figure 10. Effect of timing on predicted postglacial uplift rates. Uplift rates (nlnl/yr)  are

shoI~w for the Prince Olav Mountains (marked with a diamond in Figure 9) in the ~’ransan-

tarctic Mountains due to the LC79 load as a function of the beginning and ending times of

deglaciation.  The timings appropriate to the Antarctic portions of the ICE-3Ci  and lCE-4G

glacial rebound histories are also shown.

Figure 11. C’rustal response to the ICE1-3G [Tu.shingha))l and Prlrier, 1991] and ICF-4G [Pe/-

tier, 1994] glacial rebound models. Shaded areas show regions with outcrop in the Transan-

tarctic and Ellsworth  Mountains. (a) ICE-3G vertical velocity II . (b) lCE-4G vertical velocity

~ . (c) lCE-3G horizontal velocity ~. (d) lCE-3G solid-surface gravity change rate ~. Con-

tour- intervals 4 mm/yr (~ ) and 0.8 }lgal/yr (~).

Figure 12. Present-day uplift rates (mrn/yr) at Prince olav Mountains (marked with a dia-

mond in Figure 11a) for the ICE-3G glacial rebound history, plotted as a function of the loga-

rithms of upper and lower mantle viscosity. Subordinate axis tickrnarks  are located at factors

of 2 and 5 times the major tickrnarks.



-41-

Figure 13. Antarctic ice surface elevations at Last Glacial Maximum (LGM) for (a) the

CL] MAP reconstruction [Stuiver el al., 1981 ] and (b) the Denton et al. [1991] (D91 ) recon-

struction. The D91 reconstruction is revised from the CLIMAP reconstruction for the East

Antarctic ice sheet and Hughes et al.’s [1985] reconstruction for the West Antarctic ice sheet.

Contour interval 500 m; elevations are given above present day sea level.

Figure 14. Crustal  response rates (vertical and horizontal crustal motion and secular solid-

surface gravity) driven by the D91 LGM load reconstruction. Deglaciation  is assumed to

begin at 12 kyr and end at 5 kyr, similar to the timing of the Antarctic portion of ICE-4G;

upper and lower mantle viscosities are 102 ] and 2 x 102]  Pas, respectively.
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T’able 1. Antarctic Site Locations

North
Site Latitude
— —

Syowa -69.01
Dnvis” -68.5$3
Cawy” -66.28
Mt. Melbourne -74.70
McMurdo” -77.84
Prince Ola\  Mountains -S4.60
F.xecutive  Committee Range -77.00
h!!. Ulmer -77.39
Independence Hills -80.51
O’}lggins” -63.32
Dufch hfassif -82.S9
Ba<en -73.05
—

East
Longitude

39.59
77.97

110.52
164.60
166.67
1s8.00
234.00
273.7S
278.33
302.10
307.50
346.60

“ Interna[imral  GPS Ser\ice  ([GS)  tracking sites
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Table 2. Vertical  ~ and }krimntal  ; Crwtal Mmicm and Secular Solid-surface Gravity ~ Predictions for Present Day  Scenarios
-— —

h ~ (hlagnitude,  Azimuth”) i
—— -.....—— — .—

Sltc It 2hf 2A J92 I 2h4 2A
—

Symva 0.0 -0.7 -0.5 0.6 0.0 118 (),2 1ss o,~ I 75
I)avis 0.0 -1.9 -0.8 3.5 0.0 141 0.4 I 44 0.3 165
Casey 0.0 -1.3 -0,5 -0, I 0.0 I 59 0.4 I 93 0.2 190
Mt. hlelbwrne -o. I -1.6 -0.9 -0.4 0.0 186 0.1 305 0.1 250
Mch4urdo -(),2 -1.0 -0.7 0,0 0.1 207 0.2 280
Prince Ola\ hf.

0.2 231
-0.4 -0.8 -0.8 1,6 0.0 199 0.1 223 0.2 202

Ixec  Comm R. -0.3 -0.8 -0.7 0.4 0. I Ill 0.2 85 (),2 98

h~t. Illmer -3.1 -3.4 .3.3 -1,2 0.8 2S5 0.8 246 0.8 232
Independence }Iills -0.8 -1.3 -1,7 3,9 0.4 297 0.4 300 0.3 278
O’tllggins 0.0 -0.3 .(),2 0,3 0.0 237 0.2 I 89 0. I 181
I)ufck hlassif -0.1 -0.7 -1.0 6,9 0. I 2s7 o. I 246 0.2 171
Basen 2.6 -2.0 -0.9 0, I 0.5 300 ().5 1[2 0.3 146

Cru.ta]  motion is in mn]’yr  and secular solid. surface gravity is in pgal ‘yr.
“ Azimuth ]n degrees  eas[ of rmrtb
t I ii scenario  1: 2A, scenario 2 by area:  2M. scenario 2 by mass; J92, J92 scenario.

Jg~ 1 2hf 2A J92

o. I 69
I ,2 359
0. I 191
(),J 3[5
0.3 306
0.9 30?
0.4 25
1.1 267
I .9 319
0.1 359
1.6 343
0.3 61

000
0.01
0.01
0.04
0,07
0.10
0.10
0,81
(),24
0.0 I
0,04
-().6s

o~~ 0,16 -0.17
0.s3 0.24 -0.92
0.37 0,17 0.03
0.46 0.25 0.10
(),29 f),~~ -0.01
0.23 0.23 -0.45
(),~~ o,~~ -0. I 2
0.94 0.89 0.27
0.39 0.4U -[.07
0.10 0.05 -0.08
o~ ] 0.31 -1.87
().54 0.25 -0.04
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—

Syowa 0,7 0.8 1.6 1.1 0,8 I 65 0.s
Davis 2.0 2.7 2.0 1.0 0.4 198 0.7
case} 4.3 2.8 1.9 3.4 0. I 350 0.s
hft. hlelb. 0.6 -2.0 -1.0 4,6 0.6 143 0.9
hjcMurdo 6.9 -0.1 (),2 3.7 0.5 355 o~
Pr. olav  M. 17.2 16.9 11.9 6.5 2,9 22] 2.8
[ xec. (’mm). 3.7 4.4 4.2 7.6 0.8 3s4 1.0
hl[. Ulrner 2.1 4.4 2.5 12.0 0.5 z~~ 0.4
[ndcp.  I{!lis 8.5 11.2 7.5 9.5 2.1 285 1.3
() ’l{iggins 6.7 3.6 4.0 -[.$s 1.0 70 0.8
[)ufek hlassif 19.8 14.6 8.6 8.4 1.7 101 1.2
Bawn -0.1 -0.1 I .0 6.6 1.0 216 0.7.— .—

$rustal rnot,on is In mm’yr  and secular solid-surface gravity is in pgaly’r,
Ai’imuth  in degrees east of nor[h

1~~ (J,~
Ifig 0, I
173 0.5
171 0.5
311 0.5
212 1.2

10 0.?
29 I 1.5
285 1.1

66 0.6
I Z() 1.0
209 1.0—

96
152
237
]J~
16s
233

75
j~9
SJ9
191
140
23s

-o. I 4
-0.33
-0.74
-0.06
-1.05
-2.61
-0,47
-o. I 6
-1.16
-1.12
-3.09
0.0 I

-o. I 1 -0.18
-0.4 I -0.16
-0.45 -0.5s
0.36 -0.76
0.11 .0.59

-2,60 -1.00
-0.S8 -1.19
-0.s4 -1.87
-1.65 - I .44
-0.58 (),~~
-2.24 -1,30
0.02 -1.11
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